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ABSTRACT 
The interaction  of fructose diphosphate  aldolase with F-actin, F-actin-tropomyo- 
sin, and F-actin-tropomyosin-troponin has been studied by using negative staining. 
In the absence of troponin, minor aggregates of aldolase and the F-actin filaments 
are formed. A  well-ordered lattice structure is only formed in the ease of the fully 
reconstituted  filament  when  the  filament-to-filament  spacing is  18 nm, and  the 
cross-bridge spacing is 38.7 rim. Evidence is presented that the lattice is due to an 
interaction  between  troponin  and  aldolase.  The  minimum  subunit  structure  of 
troponin, still capable of giving rise to a lattice, is the troponin-IT complex, which 
indicates that troponin-C is not involved in aldolase binding. 
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The  interaction  of aldolase  and  other glycolytic 
enzymes with the structural proteins of the I-band 
of skeletal  muscle  is  now well  established  (1-4, 
6, 27), although the biological significance of this 
association  remains  elusive  (7).  The  probability 
that  it  may  have  biological  significance  can  be 
inferred  from the  binding of aldolase  and  other 
glycolytic enzymes to actin-containing filaments at 
ionic  strengths  and  protein  concentrations,  ap- 
proximating those within the muscle fiber (6). 
The structure of aldolase is a four subunit pro- 
tein molecule~ and electron microscope examina- 
tion of the negatively stained enzyme has served to 
confirm its tetrameric structure (20). At the same 
time, the application of electron microscope tech- 
niques has proven to be of great value in elucidat- 
ing the structure of actin-containing filaments (12, 
15,  29,  30).  It  was anticipated  that  these  tech- 
niques would be of value in providing information 
on the nature  of the complexes formed between 
aldolase  and  actin-containing filaments.  In addi- 
tion, it seemed plausible that electron microscope 
examination of enzyme-filament complexes might 
surmount  one  of the  difficulties  of the  study of 
enzyme morphology, specifically the presentation 
of randomly oriented profiles on the grid.  In this 
paper we describe the formation of a two-dimen- 
sional lattice structure between aldolase and fila- 
ments  reconstituted  from  F-actin,  tropomyosin, 
and  troponin.  The  evidence  presented  suggests 
that the lattice  is due  to interactions of aldolase 
with troponin. 
MATERIALS  AND  METHODS 
Protein Preparations 
Aldolase was purified from beef skeletal muscle by 
using the procedure of Penhoet et al. (21). F-actin and 
the tropomyosin-troponin complex were prepared from 
an acetone powder of beef skeletal muscle by the meth- 
ods of Spudich and Watt (28), and the acetone powder 
1016  THE JOURNAL OF CELL BIOLOGY  ￿9 VOLUME 74,  1977 ￿9 pages 1016-1023 was prepared as described by Briskey and Fukazawa (5). 
Tropomyosin, troponin, and the troponin subunits, tro- 
ponin-T, troponin-I, and troponin-C, were prepared as 
described  by  Clarke  et  al.  (9).  Myosin  was  prepared 
from rat or beef skeletal muscle by the method of Bris- 
key and Fukazawa (5). 
The  F-actin-tropomyosin  and  F-actin-tropomyosin- 
troponin complexes were prepared by using the reconsti- 
tution procedure of Ishiwata (18). Complexes were also 
formed betwee.n F-actin-tropomyosin and the troponin 
subunits, troponin-T and troponin-I, as well as with the 
troponin subunit complexes, troponin-IT, troponin-IC, 
and troponin-TC. The troponin subunit complexes were 
made by mixing the isolated subunits in approximately 
equimolar ratios in the presence of 8 M urea, followed 
by dialysis against the buffers used in the reconstitution 
procedure. For reconstitution, the F-actin, tropomyosin, 
and the  troponin  subunits or subunit complexes were 
mixed in a solution containing 10 mM imidazole, 0.1 M 
KCI,  1 mM MgCl2,  2 mM dithiothreitoi (DTT),  at pH 
6.8, with a molar ratio of actin to tropomyosin of 7:1; the 
troponin subunits were added in equimolar amounts to 
tropomyosin. Due  to the insolubility of troponin-I and 
troponin-T at low salt concentrations (13, 16), additional 
KCI was included in these mixtures to a final concentra- 
tion of 0.35 M. In the case of the troponin-IC complex, 
0.1 mM Ethyleneglycolbis[/3-aminoethyl ether]N,N'-tet- 
raacetic acid  (EGTA) was  added  because troponin-IC 
binds to F-actin-tropomyosin only in the absence of cal- 
cium (22). 0.1 mM CaC12 was added to the troponin-TC 
complex, as this complex is only soluble in the presence 
of calcium (11). 
All f'flament preparations were sedimented by centrif- 
ugation at  120,000 g  for 60 min in a  60 Ti rotor in a 
Beckman  L2-65B  ultracentrifuge  (Beckman  Instru- 
ments,  Inc.,  Fullerton,  Calif.).  The  pelleted filaments 
were resuspended in 5  mM imidazole, 50 mM  KCl,  1 
mM MgCI2, 2 mM DTT, at pH 6.8, and stored on ice in 
the presence of a  crystal of thymol or 2-3-day periods 
(23). The stock suspensions had a  protein concentration 
of 10-15 mg/ml. 
Assays 
Aldolase activity was measured by the procedure of 
Richards and  Rutter  (24),  and  protein concentrations 
were estimated by the method of Lowry et al. (19). The 
actomyosin adenosine triphosphatase (ATPase) activity 
was measured as previously described (9). 
Electrophoresis 
Polyacrylamide-gel electrophoresis, in the presence of 
sodium dodecyl sulfate was performed as previously de- 
scribed (9). 
Electron  Microscopy 
For examination in the electron microscope, mixtures 
of aldolase  (0.05-0.1  mg/ml,  final concentration) and 
the filament preparations (0.1-0.2 mg/ml, final concen- 
tration) were made in 5 mM imidazole, 10 mM KC1, 1 
mM MgCI2,  2  mM DT'F, at pH  6.8, with the ratio of 
aldolase to filament usually 1:2 on a weight basis. A drop 
of the mixture was applied to a 400-mesh carbon-coated 
grid and allowed to remain on the grid for 3 min, and the 
excess was then removed with a filter paper. A  drop of 
freshly prepared, aqueous  1% uranyl acetate was then 
applied to the grid and immediately removed with filter 
paper.  Fixation with glutaraldehyde before staining did 
not lead to  superior preparations. The grids were  air- 
dried and examined in a Philips EM 300 electron micro- 
scope at an accelerating voltage of 60 or 80 kV. 
The method of Dickson (10) was used for calibration 
of the microscope, in which the lens excitation is held 
constant between specimen and the calibration standard 
of catalase crystals. More than 100 measurements were 
taken for each lattice spacing on several different prepa- 
rations of filaments. 
Control Experiments 
To test for aldolase absorption under the conditions 
used in the electron microscope studies, the mixtures of 
aldolase and filaments were centrifuged at 120,000 g for 
60 min, and the resulting supernates and pellets were 
assayed for enzyme activity. These experiments showed 
that 99-100%  of the enzyme was  bound  under these 
conditions. As the ionic strength of the buffer used in the 
electron microscope studies was relatively low in order to 
ensure aldolase adsorption  (2),  tests were  also carded 
out  to  ensure the association of the  tropomyosin  and 
troponin  components  with  the  actin  filaments  under 
these conditions. To do this, samples of the stock fila- 
ment suspensions were diluted to 0.2  mg/ml in 5  mM 
imidazole, 10 mM KCI, 1 mM MgCI~, 2 mM DTT, at pH 
6.8, and sedimented at 120,000 g for 60 rain. The pellets 
obtained  were  analyzed  by  gel  electrophoresis in  the 
presence of sodium dodecyl sulfate. Densitometric anal- 
ysis of the gels revealed that the actin, tropomyosin, and 
troponin components were present in the same relative 
proportions as in uncentrifuged control samples, there- 
fore  establishing  that  tropomyosin  and  troponin  re- 
mained  associated  with the  actin  filaments under  the 
conditions used in the electron microscope studies. Full 
details of these binding studies will  be published else- 
where. 1 
Filament Preparations 
All filament preparations used in these studies were 
routinely analyzed by sodium dodecyl sulfate-gel electro- 
phoresis, which showed that each preparation contained 
the pattern of components expected, and that the prepa- 
rations were free of significant contamination. In addi- 
tion, the presence of troponin on the fully reconstituted 
1 Waish, T.,  F.  M.  Clarke,  and C.  J.  Masters.  Manu- 
script in preparation. 
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The binding of aldolase to F-actin results in the 
formation of structures, as shown in Fig. 1. Single 
filaments were rarely found in the F-actin-aldolase 
mixtures, in contrast  to  the  F-actin preparations 
alone, which appeared  as single filaments similar 
to  those  previously  described  by  Hanson  and 
Lowy (15), and Huxley (17). Therefore, the pres- 
ence of aldolase promotes the formation of com- 
plexes between the filaments which appear as side- 
by-side  aggregates.  While  these  complexes  are 
interpreted  as  being a  result  of  cross-linking of 
adjacent actin filaments by aldolase, the details of 
this  arrangement have  not as yet  been clarified, 
although there are some indications of regularity. 
Aldolase: F-Actin- Tropomyosin 
As  with  F-actin,  aggregates  are  also  formed 
when  aldolase  and  F-actin-tropomyosin  are 
mixed, as shown in Fig. 2. As in the case of the F- 
actin-aldolase  aggregates,  the  parallel  arrange- 
ment of filaments, with some indications of regu- 
larity, suggests a  cross-linking of the filaments by 
enzymes. 
Aldolase: F-Actin- Tropomyosin- Troponin 
A  well-defined lattice structure is formed when 
aldolase is added to filaments reconstituted from 
F-actin, tropomyosin, and troponin, as shown in 
Figs.  3  and  4.  This lattice  consists of a  parallel 
alignment of filaments cross-linked at regular in- 
tervals. The cross-links are regarded as being the 
aldolase,  as no cross-links are  formed in the  ab- 
sence of enzyme. A  lower magnification view of 
the lattice structure shows that nearly all the fila- 
ments  in  these  mixtures  are  organized  into  the 
lattice  structure  (Fig.  4).  These  structures  are 
quite extensive in length, and formations in excess 
of 20/~m are not uncommon. However, they are 
fairly limited in  width,  and occasionally reach  a 
maximum  of  ---12  actin  filaments  in  parallel. 
These  may  be  compared  with  the  reconstituted 
actin filaments in the absence of aldolase (Fig. 5). 
The  well-ordered  lattice  structure  formed  be- 
tween aldolase and the fully reconstituted filament 
is  in  marked  contrast  to  the  aggregates  formed 
between  aldolase  and  either  F-actin  or  F-actin- 
tropomyosin.  This  suggests  the  involvement of 
troponin in the formation of the lattice structure. 
Measurement  of  the  lattice  dimensions  gives  a 
value of 38.7 nm (1.5 SD) for the center-to-center 
spacing of the aldolase cross-bridges, and 17.7 nm 
(1.2 SD) for the center-to-center spacing between 
adjacent filaments. 
Using  a  goniometer  stage,  the  specimen  was 
tilted from  -42 ~ to  +56  ~ along the  axis  of the 
filaments of  the  lattice.  The  maximum  filament 
separation was found at zero tilt, and there were 
no  indications that  the  lattice  was  other  than  a 
two-dimensional structure. 
After  the  addition  of  aldolase  to  the  F-actin- 
tropomyosin-troponin subunit  complexes,  a  lat- 
tice-like structure was only observed with the  F- 
actin-tropomyosin-troponin-IT  filaments. This lat- 
tice is shown in Fig. 6. It is of interest that neither 
the  F-actin-tropomyosin-troponin-I nor the  F-ac- 
tin-tropomyosin-troponin-T  complex gave a lattice 
structure under the same conditions. These com- 
plexes,  along with F-actin-tropomyosin-troponin- 
IC  and  troponin-TC complexes,  formed  aggre- 
gates  of  cross-linked  filaments  in  which  it  was 
difficult to observe any regularity.  Measurement 
of the  lattice dimensions of the  aldolase-F-actin- 
tropomyosin-troponin-IT lattice  gave  values  of 
38.7 nm (2.5 SD) for the cross-bridge repeat, and 
18.0  nm (1.6  SD)  for  the  interfilament spacing. 
These  are  virtually  the  same  measurements  as 
those  for  the  lattice formed  from  filaments con- 
FIGURE 1  Mixture  of pure F-actin and aldolase in the ratio of 2:1 by weight.  Limited alignment of 
filaments occurs with indications of aldolase cross-linking the filments. Bar, 100 nm. x  123,000. 
FmultE  2  Mixture of F-actin-tropomyosin and aldolase  in the ratio of 2:1 by weight.  Although the 
aggregates tend to be larger than with F-actin and aldolase,  the ordering is still not well defined. Bar, 100 
nm. x  186,000. 
FmURE 3  Mixture  of F-actin-trophomyosin-troponin  and aldolase with the formation of a lattice struc- 
ture. The dimensions of the lattice are indicated on the figure as center-to-center spacings. Bar, 100 nm. 
x  220,000. 
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structure or aggregate is observed in the absence 
of enzyme. 
A  number  of factors  have  been  found  to  be 
important in lattice formation. For example, the 
integrity of the  various components  is essential. 
Actin filaments which are short, angular, or hav- 
ing lumpy irregularities are poor contributors to 
lattice formation. Similarly, proteolytic fragmenta- 
tion of troponin (as evidenced by sodium dodecyl 
sulfate-gel electrophoresis) also leads to decreased 
lattice formation. Indeed, experience suggests that 
the  formation  of lattice  may  be  employed  as  a 
simple and rapid test for the successful reconstitu- 
tion of thin filaments. 
DISCUSSION 
The  electron  microscope  data  presented  in  this 
report  describe  the  formation  of  aggregates  of 
filaments when  aldolase interacts with  either F- 
actin or F-actin-tropomyosin. Although the  pre- 
cise structures of these complexes are not evident, 
it is clear that they arise from a lateral association 
of filaments cross-linked with aldolase. Although a 
detailed ultrastructural analysis of the interaction 
of aldolase with  F-actin  or  F-actin-tropomyosin 
must await the formation of more ordered struc- 
tures, it is evident from the present observations of 
cross-linking that  aldolase must  possess at  least 
two sites for interaction with structural proteins. 
In  contrast  to  the  complexes  formed  with  F- 
actin and F-actin-tropomyosin, the interaction of 
aldolase with filaments reconstituted from F-actin, 
tropomyosin, and  troponin  results in  the forma- 
tion of a well-ordered lattice structure in which the 
filaments  are  cross-linked  at  regular  intervals 
along their length. It is proposed that the bridges 
of  this  lattice  structure  are  formed  by  aldolase 
cross-linking troponins on adjacent filaments. The 
lattice spacing of 38.7 nm supports this interpreta- 
tion.  Evidence from  X-ray diffraction studies of 
muscle  fibers labeled with  anti-troponin-C  anti- 
bodies (25), and analysis of paracrystals of recon- 
stituted filaments (12,  14) are in agreement with 
troponin repeats at about 38.5 nm along the actin 
filament. As previously stated, the characteristic 
lattice is not formed with filaments lacking tropo- 
nin. Although some form of organization is appar- 
ent with both actin-aldolase and actin-tropomyo- 
sin-aldolase, neither the  extent  nor  the  level of 
ordering approaches the organization of the com- 
plete system. 
Aside  from  these  observations,  other  studies 
have established the binding of the tropomyosin- 
troponin complex to aldolase (8), although recent 
experiments have demonstrated that aldolase may 
directly  interact  with  troponin.  1  Therefore,  it 
seems  reasonable  to  postulate  that  the  cross- 
bridges are due to aldolase cross-linking the tropo- 
nins on adjacent filaments. 
Experiments with  subunit  preparations of tro- 
ponin indicate that troponin-I and troponin-T sub- 
units are required for the formation of the lattice. 
The evidence seems to exclude the participation of 
troponin-C  in  the  cross-bridge formation.  How- 
ever, from the available evidence, it is not possible 
to conclude whether the troponin-I or the tropo- 
nin-T subunit is involved in aldolase binding. For 
example, the role of troponin-T may be to bind 
with tropomyosin at specific sites to correctly posi- 
tion the troponin-I for lattice formation. 
On the basis of the 18-rim lattice filament sepa- 
ration,  it  is  doubtful  whether  the  formation  of 
links  between  troponins  on  adjacent  filaments 
could occur in  the  I-band of muscle.  The  I-fila- 
ment separation has been established as 22 nm in 
the tetragonal arrangement  near the Z-disk, and 
depending on contraction, the hexagonal arrange- 
ment of filaments in the A-band is 20-25 nm (26). 
Of course, this does not preclude an  association 
between aldolase and a single troponin. The possi- 
bility that such an association may occur within the 
muscle fiber is indicated by the histochemical lo- 
calization of aldolase within the 1-band (3, 27), by 
the  binding  of aldolase to  actin-containing fila- 
ments  under  conditions believed to  exist within 
Fi6un~  4  Lower magnification of a lattice preparation showing the extent of lattice formation. Most 
filaments are involved in lattice formation.  Although there is no apparent limit to the length of these 
structures,  this micrograph illustrates the usual distribution of lattice widths. Bar, 250 nm.  x  50,000. 
FIGURE 5  F-actin-tropomyosin-troponin  filaments in the absence of aidolase. Bar, 100 nm.  x  140,000. 
FIGURE 6  Lattice formed between  aldolase and filaments reconstituted  from F-actin, tropomyosin, and 
the IT subuuits  of troponin. The lattice spacings are virtually identical to those formed with the fully 
reconstituted  filament.  Bar, 100 nm.  x  212,000. 
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which tropomyosin-troponin exerts on this binding 
(6,  7).  Whether  or  not  an  association  between 
aldolase  and  actin  filaments is  of significance  in 
nonmuscle cells remains to be determined. 
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